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Abstract 
The work presented herein suggests an expanded methodology for imprinting the condition of an urban water distribution network 
(WDN). Even though the majority of past research efforts related to WDNs deals with water mains, only a small part of the research 
studies has considered house connections in the analysis and very few researchers have examined how the failure of pipe fittings
affect the network performance. Rehabilitation actions in a WDN related to any part of it, whether it is a pipe or a fitting, have a 
direct effect on the condition of the whole system. Moreover, in the overall cost of repairing a leakage, the cost of the failed unit is 
very small compared to the cost of the work to detect, localize and restore the problem. Thus, the effect of the fittings in the
network's rehabilitation cost is equally as important as that of the pipelines. Therefore, the inclusion in the mathematical analysis 
of data pertaining to not only water mains but also to failure incidents for the individual fittings and house connections of the 
network, enhances any utilized mathematical model simulating the overall WDN condition, bringing such condition appraisals 
closer to reflecting the actual condition of the network. 
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1. Introduction 
The management of WDNs is an always contemporary and in-demand research topic for the water industry, and 
mathematical models for the appraisal of deterioration, vulnerability and time-to-failure are at the core of an integrated 
tool for the monitoring and management of WDNs. There is, actually, extended work in the research literature related 
to the sustainable WDN management and to waterloss reduction, especially as applied to developing countries and 
countries with arid climatic conditions. 
The modeling of the behavior of WDNs has been widely studied, with all documented mathematical models 
exclusively studying the behavior of WDN pipe elements over time and because of aging (as either individual 
elements, or collectively at a street level). The effort through the development of the proposed mathematical model 
was to eliminate some drawbacks of the existing methods of modeling the behavior of WDNs, with regards to the 
class of data included in the analysis. In particular, as the majority of WDN-related research efforts deals with water 
mains (WM) and only a small number of the research studies has added house connection (HC) pipes in the analysis, 
whilst very few researchers have examined how the failure of specific network components, such as the fittings, affect 
the network performance, it was deemed necessary to expand the list of WDN components included in a vulnerability 
analysis and to examine how these additional component classes affect the vulnerability of a WDN.  
The presented model is not limited to traditional data records (i.e. pipe-related leakage records) but it goes a step 
further by introducing in the analysis additional incident and rehabilitation data (repair or replacement actions) of 
additional network components (e.g. house connections and fittings). The work is part of a proactive management 
strategy tool, comprising of mathematical models and GIS maps, that assists network owners to evaluate the condition 
of their network, to assess historical incident and risk of failure data and to prioritize the work based on the inherent 
risks and the cost of action. WDN engineers will thus be able to prepare a proactive and organized service plan for 
their distribution network. 
2. State of knowledge 
There is an extensive range of tools and applications for the modeling, monitoring and management of UWDNs. 
However, the majority of these works deals with only WM pipelines and none of them includes the fitting components 
into the analysis. Presented below is an indicative sample of past research studies and of available tools for the 
modeling of WDNs, utilizing WM pipe data. 
The goal for Kanakoudis and Tsitsifli [1], Tsitsifli and Kanakoudis [2] and Tsitsifli et al. [3] was the development 
of a model that could correctly classify water distribution pipes, and to define the WM pipe characteristics. A model 
that targets specific WM parts of WDN is presented by Jun et al. [4]. It identifies pipes and valves of high importance 
within WDNs. The model consists of two failure analysis methodologies, Pipe-by-Pipe (PPFA) and Valve-by-Valve 
(VVFA), which were developed to prioritize the importance of pipes and valves in a water distribution system. The 
model is based on a matrix algorithm that can be easily implemented to any WDN and analyses can be performed 
very efficiently regardless of the size of the water distribution system by coupling with the EPAnet. Results of PPFA 
and VVFA can be used to prioritize the order of maintenance of a water distribution system. Christodoulou et al. [5] 
presented an integrated decision support system (DSS) for arriving at `repair-or-replace' decisions, as part of a long-
term WM system asset management program that could be used by the authorities so as to improve the reliability of 
their WDNs. Bentes et al. [6] is a decision support model targeting the condition level of WDNs that presents a method 
for assessing the vulnerability of WDNs. Their suggestion is based on three water pipe network examples, focusing 
on tracing the weakest WM parts of the distribution system and giving guidance for improving the condition of the 
network. A research report published by Grigg et al. [7] of the Water Research Foundation (WRF) addressed the need 
for the rehabilitation of WDNs and presented a tool for assessing risk and organizing data to aid in capital investment 
planning for WM pipelines. In addition, methodologies to assess whether and how to rehabilitate or replace a pipeline 
by integrating information about cost of failure into asset management decisions were offered. Xu et al. [8] presents 
the development of a DSS that is used in the deployment of cost-effective pipe maintenance plans for WDNs. The 
model comprises of a prediction tool which has been developed using genetic programming and an economically 
optimal pipe replacement tool. The optimal pipe replacement time for a specific part of Beijing's WDN was determined 
using of pipe properties and WM breaks data from 2008 to 2011. A model studying the behavior of WDN under 
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abnormal conditions is that presented by Christodoulou and Fragiadakis [9]. This work discuss how the ALA 
guidelines' repair rate metric underestimates the seismic effects on the vulnerability of a network, and recommend 
how the damaged and undamaged network states should be included in the calculation of a pipe's probability of failure. 
As mentioned above, there are research works that have incorporated data related with the HC pipes in their 
analysis. Christodoulou et al. [10] worked in data-driven modeling techniques, such as artificial neural networks 
(ANN) and neurofuzzy systems. They utilize more comprehensive and accurate prediction tools for the pipe failure 
rate and for better depicting the pipe network. These data-driven modeling (DDM) techniques allow the inclusion of 
multiple risk factors within the analysis, which make it more complicated but at the same time more accurate and 
realistic. Moving a step forward, Agathokleous and Christodoulou [11] exploited these findings for the development 
of a survival analysis mathematical model that simulates a WDN’s behavior. The data used are associated with failure 
data of WM and HC pipes. The work by Christodoulou et al. [12] presents a spatio-temporal analysis model that can 
be used as a DSS for increasing the efficiency of maintenance strategies related to WDN. The suggested model utilizes 
classical statistical tools, neurofuzzy systems and GIS-based spatio-temporal clustering and visualization techniques. 
The spatiotemporal analysis allows for spatio-temporal clustering and pattern recognition, it helps devise repair-or-
replace strategies and it reinforces the belief that intermittent supply increases the vulnerability of WDN. 
Work that utilizes data relating to the HC pipes and the fitting components of the WDN, in addition to the 
traditionally used data (WM pipes) has been presented by Agathokleous [13]. The main section of this work focuses 
on modeling a WDN’s behavior, by comparing various models that combine different levels of data. The results 
presented herein are part of the aforementioned work. 
The data on which this research work is based originates from the Water Board of Nicosia (NWB) and relates to 
the WDN of the said city. The data utilized for the development of the mathematical model covers a time period of 
approximately eight years (from 01/01/2003 to 31/12/2010 (with a small gap in recorded data from 01/08/2009 to 
31/12/2009), and 35646 incidents in total. 
3. Mathematical modelling 
3.1. Survival analysis 
Survival analysis is a branch of statistics dealing with deterioration and failure, expressing the probability of a 
subject’s survival over time. It involves the modeling of the elapsed time between an initiating event and a terminal 
event [14,15], and it denotes the probability that a subject survives past a point in time, given that certain events 
affecting its condition state have occurred in the past. 
 In the case of WDNs, an initiating event is represented by the date of pipe installation, a near-terminal event is 
represented by the date of pipe repair and a terminal event is represented by the date of a pipe replacement. The 
mathematical model estimates the reliability of a system and its lifetime, subject to multiple risk factors. It aims to 
analyze the effect of these risk factors on the system's lifetime and the probability of survival, and on the expected 
mean time to failure of each individual part of the system [15,16]. The data values used in the analysis are a mixture 
of complete and censored observations, where `censored' is data with unknown initiating or terminal events. 
There are two main reasons for the selection of survival analysis as the main tool for the development of analytical 
models for pipe degradation:  
x The first has to do with the nature of the available data. Computerization for the records on leakage incidents for 
NWB was started in 2003 and until that point in time there are no available data records. One of the survival 
analysis features is that the existence of a complete dataset is not a prerequisite for the analysis, since survival 
analysis has the ability to reach a reliable prediction by making assumptions about the missing data, which is then 
improved with the addition of new data points.  
x The second relates to the behavior of networks during aging. The initial application of survival analysis was in 
biological sciences to simulate the effect of different diseases on the human organism through the passage of time. 
WDNs behave the same way. Over time and with the increase of failure incidents in a pipe system, the condition 
of the WDN worsens. For this reason, survival analysis models were applied for they are most suitable in 
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successfully simulating the behavior of the WDN’s condition over time and of the effect of events of any type that 
could occur in the WDN. 
The applied mathematical model estimates the survival function by use of the non-parametric Kaplan-Meier [17] 
estimator (Equation 1), 
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where di is the number of failures occurring in time Ti (di is the set of these failures); ri is the number of the 
individuals that are at risk immediately before time Ti (ri is the set of all individuals that are at risk immediately before 
time Ti); Ti is the termination time (failure event) for the ith event; and A is the minimum time considered below which 
failures are not considered (that is the case when data is left-truncated). 
3.2. Classes of pipes and categories of analysis 
The different part types that were used in the analysis are the pipe and fitting components of a WDN, whilst the 
data stratification was based on three pipe classes: WM ("water main"); HC ("house connection"), and C ("couple"). 
The “couple” class is the coupling of the first two classes. In essence, the number of records in the C class is the sum 
of the WM incidents plus the HC incidents. 
Further, the mathematical analysis presented herein consists of two model categories: (a) Pipeline model and (b) 
Pipeline Network model. Each one of the categories consists of the three pipeline classes mentioned above. The 
"Pipeline" analysis includes only the data associated with the pipe part type. It is the data currently used for modelling 
the condition of WDNs. The "Pipeline Network" analysis goes one step further by introducing data associated with 
the fittings, which are used to connect together the pipes of the network. This analysis category is considerably more 
accurate in analysing the condition of the WDNs compared to the "Pipeline" analysis. 
4. Analysis, results & discussion 
The results shown below are based on the models pertaining to the pipe class. 
4.1. “C” class 
Fig. 1 illustrates the survival plots of the models associated with the “C” class, while Fig. 1a corresponds to the 
survival plot for the "Pipeline" model. The horizontal axis denotes the time to failure (TTF), in days, and the vertical 
axis denotes the probability of survival. 
As shown, the survival probability of the model is reduced by 13% during the first 5 years of its life. The declining 
rate of the survival probability is low up to the 38th year of the model's lifespan while after that point it suddenly 
increases. The components lifetime has a survival probability of 71%. 
Fig. 1b corresponds to the survival plot for the "Pipeline Network" model. The shape of the model's survival line 
is similar to that of the "Pipeline" model. The survival probability of this model is reduced only by 17% during the 
first 5 years of their life. The decline rate of the survival probability is low up to the 38th year of the model's lifespan 
while after that point it suddenly increases. The components’ lifetime has a probability of 65% to exceed this age. 
The first model shows that introduction of data associated with the fitting components is negatively affecting 
survival probability of the WDNs. This observation is confirmed by Fig. 2. Fig. 2 corresponds to the survival plot for 
the Part Type variable of the "Pipeline Network model" (C Class). The rate of decrease in the survival probability for 
a "Fitting" at the early stages of its lifespan is much higher compared to that of a "Pipe". A "Pipe" has a high probability 
to exceed the 45 years of lifetime while a "Fitting" does not. 
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Fig. 1. Survival plots of the models associated with the C Class. 
The conclusion drawn from Fig. 1 and Fig. 2 is that development of a model that simulates the WDN, using data 
associated only with pipe components, has an optimistic result so the imprint of the WDN is not accurate. This is also 
confirmed by the results of the other models (WM and HC class models) presented below. 
Fig. 2. Survival plot for the part type variables of the "Pipeline Network model" (C Class). 
4.2. “WM” class 
Fig. 3 illustrates the survival plots of the models associated with the WM class. Fig. 3a corresponds to the survival 
plot for the "Pipeline" model. The survival probability is reduced by 53% during the first 5 years of their life. The rate 
of decrease in the survival probability is low up to the 38th year of the model's lifespan while after that point it 
suddenly increases. The pipe’s lifetime has a probability of 18% to exceed this age. 
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Fig. 3b corresponds to the survival plot for the "Pipeline Network" model. The line of the survival probability is 
similar with that of Fig. 3a. It is slightly shifted downwards meaning that inclusion of the fitting components data has 
worsened the model's condition. The survival probability of the model is reduced by 50% during the first 5 years of 
their life. The element’s lifetime has a probability of 15% to exceed this age. 
Fig. 3. Survival plots of the models associated with the WM Class. 
Fig. 4 corresponds to the survival plot for the Part Type variable of the "Pipeline Network model" (WM Class). 
The survival probability of the "Pipe" and "Fitting" is almost the same. The probability for a component's lifetime to 
overcome the 30 years is only 23%. 
Fig. 4. Survival plot for the part type variables of the "Pipeline Network model" (WM Class). 
4.3. “HC” class 
Fig. 5 illustrates the survival plots of the models associated with the HC class. Fig. 5a corresponds to the survival 
plot for the "Pipeline" model. The survival probability is reduced only by 5% during the first 5 years of the elements 
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life. The drop in the survival probability is low up to the 48th year of the model's lifespan, and it suddenly increases 
after that point. The component’s lifetime has a probability of 66% to exceed this age. 
Fig. 5b corresponds to the survival plot for the "Pipeline Network" model. The survival probability of the model is 
slightly lower compared to that of Fig. 5a. It is reduced only by 6% during the first 5 years of the elements life. The 
drop of the survival probability is low up to the 48th year of the model's lifespan while after that point it suddenly 
increases. The elements lifetime has a probability of 60% to exceed this age. Hence, fitting components data are 
negatively affected the model's condition. 
The survival plot for the Part Type variable of the "Pipeline Network model" (HC Class) is similar to that of C 
Class (Fig. 2). Survival probability of the "Pipe" is the highest. The drop in the survival probability for this factor is 
low up to the 48th year of its lifespan when the probability to survive is 67%. For the same lifespan, the survival 
probability of the "Fitting" is less than 5%. 
Fig. 5. Survival plots of the models associated with the HC Class. 
Two further conclusions that can be extracted from the results presented above are: (a) The C Class survival analysis 
results are very close to that of HC Class. This is due to the fact that the volume of data associated with HC class is 
much bigger compared to the WM Class and (b) WM Class components are more vulnerable in time compared to HC 
Class components and fitting components are more vulnerable compared to pipes. 
5. Conclusions 
Rehabilitation actions in an UWDN related to any part of it, whether it is a pipe or a fitting, have a direct effect on 
the condition of the whole system. Moreover, the effect of the fittings in the network's rehabilitation cost is equally as 
important as that of the pipelines. For that reason, the work presented in this paper suggests that simulation of the 
UWDN's condition should include, apart the WM components, the HC class and fitting components. 
The results showed that fittings are negatively affect the survival probability of the UWDN. Furthermore, for the 
specific WDN, WM Class components are more vulnerable in time compared to HC Class components and fitting 
components are more vulnerable compared to pipes. Therefore, enrichment of the mathematical model with data 
pertaining to fitting components and HC pipes enhances simulation of the overall WDN condition, bringing such 
condition appraisals closer to reflecting the actual condition of the network. 
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